Introduction {#S1}
============

Biological invasion has seriously threatened ecosystem services and caused huge economic losses ([@B60]). Understanding the invasive mechanism and controlling and eradicating harmful invasive species has been a great challenge in invasive biology. In the past few decades, many hypotheses, such as the enemy release ([@B23]), local pathogen accumulation ([@B11]), and positive plant--soil feedback ([@B59], [@B58]) hypotheses, have proposed that soil microbes are the key factors affecting the competitiveness of exotic plants. For example, [@B5] reported that soil microbes were involved in negative plant--soil feedback in the growth of *Centaurea* in the plant's native range but positive feedback outside of this range; [@B9] found that the pathogenic fungi *Pythium* accumulated in invaded soils and caused the death of many native plants while also indirectly enhancing the *Phragmites australis* invasion.

Relative to studies focused on rhizosphere soil fungi, few reports have characterized the endophytic fungi of invasive plants ([@B50]; [@B12]). However, all plants in nature appear to have symbioses with fungal endophytes ([@B42]), and diverse fungi inhabiting plants can influence host performance, including disease resistance ([@B4]), stress tolerance ([@B41]), and biomass accumulation ([@B34]). The high diversity of endophytes is indicative of their extremely complex and variable functional characteristics ([@B56]). Endophytic fungi commonly have been categorized into two groups based on their manner of transmission: vertically transmitted endophytes (VTEs, e.g., *Neotyphodium*) that inhabit temperate grasses (*Lolium*) and are transmitted from the mother plant ([@B35]) and horizontally transmitted endophytes (HTEs) transmitted mostly via spores from plant to plant ([@B1]). Previous studies on native plants and crops indicated that fungal endophyte communities varied based on host genotypes ([@B10]), plant tissues ([@B63]), growth stages ([@B49]), and distribution areas ([@B15]). However, most reports to date have addressed VTEs when exploring the endophytes of invasive plants ([@B44]); only very few studies have focused on the interaction between HTEs and invasive plants ([@B36]; [@B3]). Although endophytic fungi have been proven to be a contributor to the competitiveness of exotic plants ([@B3]), their variation in different tissues has not been investigated in detail during the geographical expansion of invasive plants.

In addition, it remains controversial whether endophytic fungi can grow systematically within plants. [@B21] verified that there was no systematic growth by inoculation experiments, in which the researchers could not isolate the corresponding strain from plant leaves after fungal inoculation of the roots. However, [@B19] showed that systematic growth of endophytes was possible because many plant species harbored vertically transmitted fungi in seeds, and these endophytic fungi could also be recovered from the leaves. These vertically transmitted fungi have been verified to be mutualistic in promoting the invasion of temperate grasses ([@B44]). If horizontally transmitted endophytic fungi with positive effects can grow systematically in invasive plants, this may be an effective strategy to promote host competitiveness.

For decades, it has been demonstrated that plant species can modify the soil environment to shape rhizosphere microbes ([@B17]), which in turn can provide feedback to promote plant growth ([@B57]). Recently, some studies indicated that the phyllosphere microbes, either in living or the withered leaves, also had a strong negative feedback on plant growth ([@B64]), protection against pathogen damage ([@B40]; [@B8]) and resistance to environmental stress ([@B46]). These data highlighted the ecological importance of the microbes living in or around aboveground plant tissues. Moreover, although the enemy release hypothesis (ERH), which suggests that invasive hosts leave their enemies in their native range, partially explained some plant invasions ([@B23]; [@B33]), the accumulation of fungal pathogens after the introduction of exotic plants is unavoidable ([@B32]; [@B13]; [@B52]). These accumulated fungal pathogens are predicted to affect neighboring native susceptible hosts if the pathogens are transmitted in the invaded ecosystem. Such dynamics are termed "spillover" when the pathogens are non-native and are introduced with the invasive plant and "spillback" when an invasive plant species hosts native pathogens ([@B13]). Previously, rare reports indicated that endophytes of invasive plants can act as local pathogens; for example, fungal endophytes, such as latent local pathogens, were isolated from the invasive plants *Parthenium hysterophorus* ([@B43]) and *P. australis* ([@B12]). Nonetheless, the current knowledge about the microbial community in the aboveground tissues of invasive plants as well as their association with the surrounding environment of the host is insufficient and limits the understanding of the role of fungi in plant invasion and risk evaluation.

*Ageratina adenophora* (Sprengel) R. M. King and H. Robinson is a perennial herb of the Compositae family that is native to Central America but a noxious weed in Asia, Africa, Oceania, and Hawaii. Since the first record in China in the 1940s, the plant has now become widely distributed in six provinces in Southwest China and has continuously spread east- and north-ward at a rate of approximately 20 km per year ([@B61]). There is evidence that strong allelopathy ([@B20]) and high resource capture and use efficiency ([@B62]) promote its competitive advantages over native species. Recent studies have shown that *A. adenophora* frequently changes soil microbial communities to contribute to its invasion ([@B65]; [@B25]; [@B71]). In addition, [@B31] indicated that the diversity and isolation frequency of foliar fungal endophytes have increased with time since the introduction of *A. adenophora*.

In this study, we sampled and characterized the cultivable endophytic fungi from the roots, stems, and leaves of *A. adenophora* from six invaded areas in Yunnan Province, China, to evaluate the distribution of these fungi in different tissues in response to the geographical expansion of *A. adenophora*. We also determined whether *A. adenophora* facilitated the systematic growth of endophytic fungi. Moreover, fungi in the withered leaves and from the surrounding air and soil environments were also investigated to explore the potential interactions between the fungal communities associated with *A. adenophora* and the surrounding environments.

Materials and Methods {#S2}
=====================

Study Site {#S2.SS1}
----------

In August 2015, during the period of the greatest vegetation growth, six *A. adenophora* populations were selected for sample collection in Yunnan Province (22.63--25.88 N, 99.31--102.37 E, 1171--2128 m), Southwest China ([Supplementary Table S1](#TS1){ref-type="supplementary-material"}). With increasing latitude, these six regions are XM, SM, NE, CY, KM, and YL, in order. The bioclimatic data were obtained from the WorldClim database using ArcGIS v10.3 ([@B66]) and showed that the annual average temperature in the study area was 15.1--19.1°C and the annual average precipitation was 1024--1530 mm ([Figure 1](#F1){ref-type="fig"}). According to the invasion dynamics of *A. adenophora* in China ([@B61]), the six sampling regions in this study correspond with three invasion times: \>80 years ago (XM, SM, NE, and CY), ∼40--50 years ago (KM), and \<20 years ago (YL) ([Figure 1](#F1){ref-type="fig"}). In addition to *A. adenophora*, some small shrubs, herbs, and few trees occur sporadically at the sample sites ([Supplementary Table S1](#TS1){ref-type="supplementary-material"}).

![Geographical location of the sampling sites in Yunnan Province, China. AT represents the annual average temperature; AP represents the annual average precipitation.](fmicb-10-02919-g001){#F1}

Sample Collection {#S2.SS2}
-----------------

In each region, we collected four types of plant samples (roots, stems, mature, and withered leaves) ([Figure 2A](#F2){ref-type="fig"}) and four types of environmental samples (rhizosphere and non-rhizosphere soil, canopy and non-canopy air) ([Figure 2B](#F2){ref-type="fig"}) for fungal isolation.

![Schematic workflow of the experimental process. MEA, NS, ZY, and PDA represent the four types of culture media. **(A)** Workflow for the isolation of fungi associated with plant; **(B)**, workflow for the isolation of fungi from air and soil.](fmicb-10-02919-g002){#F2}

For plant samples, three mature and healthy *A. adenophora* individuals were randomly selected at each region, and the fourth pair of leaves, whole stems, and fibrous roots of each plant were collected and independently packaged in sterile polypropylene bags for the isolation of endophytic fungi ([Figure 2A](#F2){ref-type="fig"}). Moreover, six naturally withered leaves of *A. adenophora* with relatively consistent degrees of wilting were also collected and packaged in a sterile polypropylene bag for the isolation of fungi ([Figure 2A](#F2){ref-type="fig"}). A total of 72 *A. adenophora* tissue samples were obtained from the six study areas, including 18 pairs of fully expanded leaves, and 18 stem tissue, 18 fibrous root, and 18 withered leaf samples. Fungi were isolated from all plant samples within 12 h after collection.

For environmental samples, approximately 500 g of soil was collected from the rhizosphere of *A. adenophora* and the surrounding environment in each region to isolate fungi from the rhizosphere and non-rhizosphere soil. Rhizosphere soils were collected from at least five plant individuals, and environmental soils were collected in the surrounding area approximately 10 m away from the area where *A. adenophora* was growing ([Figure 2B](#F2){ref-type="fig"}). Both rhizosphere and environmental soils were collected at 5--15 cm underground. A total of 12 soil samples were obtained from six study areas, including six *A. adenophora* rhizosphere soil samples and six soil samples from the surrounding environment. Soil samples were taken back to the laboratory for temporary storage at 4°C, and fungal isolation was carried out within 3 days. The isolation of airborne fungi was carried out using a natural trapping method to expose the culture medium to the *A. adenophora* canopy air or ambient air for 15 min. The canopy air was considered the area with \>80% coverage of *A. adenophora*, while the ambient air was considered the area with no vegetation, 10 m away from the *A. adenophora* community ([Figure 2B](#F2){ref-type="fig"}). The fungi in the canopy and ambient air were collected approximately 60 cm above the ground. A total of 12 air samples were obtained from six study areas, including six *A. adenophora* canopy air and six ambient air samples. The Petri dishes used to collect the fungal spores from the air were sealed with Parafilm and taken back to the laboratory for subsequent pure colony culture.

Isolation and Purification of Fungi {#S2.SS3}
-----------------------------------

Both culture-dependent and culture-independent methods for fungal isolation are subject to inherent biases. For the former, the stronger competitors may emerge from tissues first, while the weaker competitors are excluded; for the latter, PCR bias may skew the representation of certain operational taxonomic units (OTUs) in the species pool ([@B8]). Although next-generation DNA sequencing has been increasingly applied to characterize fungal communities, the classification of OTUs based on sequence similarity commonly results in significant losses in taxonomic coverage ([@B67]), and such OTUs do not necessarily correspond to species ([@B45]). In addition, more importantly, at times fungal cultures cannot be obtained, thus stymieing the usage of these species for further ecological function experiments ([@B63]). We thus applied culture methods in this study. Considering the preference of different fungi for different growth conditions, three types of media, namely, 2% malt extract agar (MEA) ([@B8]), NS, and ZY, were used for the cultivable fungal isolation to cover more diverse fungi. NS medium contained 1 g KH~2~PO~4~, 0.5 g MgSO~4~⋅7H~2~O, 15 g peptone, 1 g PCNB (Terraclor 75%), 0.3 g streptomycin sulfate, 0.12 g neomycin sulfate, and 20 g agar in 1000 ml distilled water. ZY medium was made as follows: 200 g of *A. adenophora* healthy leaves was collected from the wild and cleaned and then boiled in 1000 ml deionized water for approximately 30 min; 15 g sucrose and 18 g agar were then added to the collected filtrate.

Endophytic fungi (roots, stems, and mature leaves) and fungi from withered leaves were isolated by placing surface sterilized tissue fragments on the culture medium ([Figure 2A](#F2){ref-type="fig"}). First, plant samples were rinsed with tap water and then surface sterilized as follows: leaves (including mature and fallen) were submerged in 70% ethanol for 2 min, 0.5% sodium hypochlorite for 2 min, and rinsed with sterile water six times; stems were submerged in 70% ethanol for 2 min, 0.5% sodium hypochlorite for 5 min, 70% ethanol for 1 min, and rinsed with sterile water six times; roots were submerged in 70% ethanol for 5 min, 0.5% sodium hypochlorite for 5 min, and rinsed with sterile water six times. The sterile water used for the last rinse was inoculated into potato dextrose agar (PDA, 1000 ml distilled water containing 200 g potato, 20 g dextrose, and 20 g agar) medium to verify the surface sterilization. Subsequently, the same tissues collected at the same site were mixed and cut into pieces, with leaves and stems approximately 6 mm^2^ in size and roots approximately 0.2 cm in length. Sixteen pieces from each mixed sample were haphazardly selected and placed in a 10-cm-diameter Petri plate containing either 2% MEA, NS, or ZY medium. Soil fungi were isolated by preparing soil suspensions at a 10^--3^ dilution and uniformly plating the suspensions on 2% MEA, NS, or ZY medium ([Figure 2B](#F2){ref-type="fig"}). Airborne fungi were isolated from the Petri dishes that collected airborne spores by the natural trapping method in the field ([Figure 2B](#F2){ref-type="fig"}).

The culture procedures were repeated three times for each medium of the same sample, and 216 Petri plates (162 for endophytic fungi and 54 for withered leaf fungi) were used to isolate fungi from *A. adenophora* tissues, 108 Petri plates were used to isolate soil fungi, and 108 Petri plates were used to isolate air fungi. The Petri plates were sealed with Parafilm and incubated in a growth chamber in dark conditions at a constant temperature of 28°C. Plates were monitored daily and the occurrence of fungal colonies was recorded as they emerged. The colonies on each plate were counted and classified into morphotypes as described previously ([@B16]), and the representative strain of each morphotype was transferred to a new plate containing PDA for pure cultivation and for further colony morphological classification. In total, we counted 4066 colonies from three types of media and classified them into 1072 groups ([Supplementary Table S2](#TS2){ref-type="supplementary-material"}). Then, these representative fungal strains were subjected to molecular identification of ITS sequences. All representative strains were stored in the laboratory of Yunnan University for future experiments.

Molecular Identification of Fungi {#S2.SS4}
---------------------------------

Total genomic DNA was extracted from fungal mycelia using the CTAB method ([@B51]). The primers ITS4 and ITS5 were used to amplify the ITS region of the fungal DNA. Each 50 μl PCR included 5 μl 10× amplification buffer, 5 μl dNTP mixture, 1 μl each primer (10 μM), 0.25 μl Taq DNA polymerase, 1 μl template DNA, and 37 μl ddH~2~O. The amplification was run in a Veriti^®^ 96-Well Thermal Cycler (Applied Biosystems Inc., Foster City, CA, United States) \[4 min at 94°C, followed by 35 cycles (1 min at 94°C, 1 min at 54°C, and 1 min at 72°C), 10 min at 72°C\]. PCR products were tested by 1% gel electrophoresis and then sent to the Beijing Genomics Institute (BGI) for ITS sequencing.

Based on the GenBank database, sequence homology analysis, quality assessment, and correction were conducted. ClustalX 2.1 ([@B55]) was used to cut out chimeric bases to make each sequence approximately 550 bp in length. The Mothur program was used to identify the remaining sequences and group the consensus sequences into OTUs at unique and 97% sequence identity ([@B48]). The nucleotide sequences reported in this study have been deposited in GenBank under the accession numbers [MK303973](MK303973)--[MK304430](MK304430).

Statistical Analyses {#S2.SS5}
--------------------

All statistical analyses were performed at a level of 100% (unique) and 97% ITS sequence identity. We pooled the colonies from the three plates of each medium, and the three types of medium were used as biological replicates for each sample because there were no significant differences in the community composition ([Supplementary Figure S1](#FS1){ref-type="supplementary-material"}), species diversity ([Supplementary Figures S2A,B](#FS2){ref-type="supplementary-material"}), and isolate abundance ([Supplementary Figure S2C](#FS2){ref-type="supplementary-material"}) among the three types of medium, with the exception that fungal community variation was significantly associated with the medium at 97% sequence identity ([Supplementary Figure S1B](#FS1){ref-type="supplementary-material"}; *F* = 2.2, *p* = 0.002) but only explained very little variation \[0.8% adjusted explained variation (AEV)\]. Communities were defined as the sequenced fungal strains obtained from a given plant tissue, site, or environmental source.

Non-metric multidimensional scaling (NMDS) was used to visualize the similarity of fungal communities among plant tissues or environmental samples, and principal coordinate analysis (PCoA) was used to assess the spatial variation of endophytic and withered leaf fungal communities in different plant tissues during the geographical expansion of *A. adenophora*. At the unique sequence identity level, two outliers \[NE--RS--NS and NE--AS--MEA; NE represents the sampling site, RS (rhizosphere soil) and AS (ambient soil) represent the source, and NS and MEA represent the culture medium; detailed in [Supplementary Table S2](#TS2){ref-type="supplementary-material"}\] were eliminated in the NMDS analysis of the environmental samples. The correlation between fungal communities and the classified factors was tested by redundancy analysis (RDA). All distance matrices for community composition analyses were based on the Bray--Curtis dissimilarity index.

The Shannon diversity index was calculated for fungi from both plant tissue and the environment. ANOVA was used to compare the diversity and abundance of fungi (containing endophytic and withered leaf fungi) across plant tissues and geographical sites. Assumptions of normality were tested by Kolmogorov--Smirnov test, and the assumptions were met. *Post hoc* comparisons were performed using Duncan's tests for equal variance and Dunnett's T3 tests for unequal variance. Linear regression was used to analyze the relationship between the Shannon diversity index or average abundance and latitude. Mann--Whitney *U* non-parametric tests were used to compare the diversity and average abundance of fungi from different environmental sources. Fungal relative abundance was calculated to analyze the relationship between plant tissue and environmental fungi.

Multivariate analyses were performed using CANOCO, version 5.0 ([@B53]), and all other analyses were executed using SPSS version 22.0 (SPSS Inc., Chicago, IL, United States). Visualization of diversity and abundance data were realized with GraphPad Prism 7 (GraphPad Software Inc., San Diego, CA, United States).

Results {#S3}
=======

Phylogenetic Analysis {#S3.SS1}
---------------------

A total of 4066 cultivable isolates were counted and investigated, including 1641 endophytic fungi, 233 withered leaf fungi, 1255 air fungi, and 937 soil fungi. Based on their colony morphologies, these fungi were first classified into 1072 groups, and the representative strains from each group were sequenced into the ITS gene and then divided into 458 and 201 OTUs at unique and 97% sequence identity, respectively ([Supplementary Table S3](#TS3){ref-type="supplementary-material"}). These isolates were placed into four phyla, including Ascomycota (94.20%), Basidiomycota (2.71%), Mortierellomycota (3.03%), and Mucoromycota (0.07%). The isolates in Ascomycota were further divided into five classes, including Dothideomycetes (34.07%), Eurotiomycetes (5.93%), Leotiomycetes (0.47%), Pezizomycetes (0.13%), and Sordariomycetes (59.37%). The dominant genera of cultivable endophytic fungi were *Colletotrichum* (34.61%), *Diaporthe* (17.24%), *Allophoma* (8.03%), and *Fusarium* (4.44%). *Colletotrichum* and *Diaporthe* were primarily isolated from mature leaves, *Allophoma* from stems, and *Fusarium* from roots. The dominant genera differed in the withered leaves and were represented by *Alternaria* (21.46%), *Allophoma* (19.31%), *Xylaria* (18.45%), and *Didymella* (18.03%). In addition, *Cladosporium* (22.86%), *Trichoderma* (14.27%), and *Epicoccum* (9.83%) were the most abundant cultivable fungi in the canopy air, but *Trichoderma* (27.27%) and *Mortierella* (20.46%) were dominant in the rhizosphere soil.

Tissue Specificity in Cultivable Fungal Communities {#S3.SS2}
---------------------------------------------------

The community composition ([Figures 3A,C](#F3){ref-type="fig"}) of cultivable endophytic fungi in *A. adenophora* showed tissue specificity, while there was systematic growth of a few strains in plants ([Figures 3B,D](#F3){ref-type="fig"}). However, there was no consistent trend for the OTUs at unique and 97% sequence identity. Although there was a significant correlation between plant tissue and fungal community variation both at the unique \[*F* = 2.8; *p* = 0.002; 3.8% explained variation (EV), 2.5% AEV\] and 97% (*F* = 5.1; *p* = 0.002; 6.7% EV, 5.4% AEV) sequence identity levels, community variations between different tissues were more distinct at the 97% level ([Figure 3C](#F3){ref-type="fig"}), while the unique sequences only showed such variation between above- and belowground tissues ([Figure 3A](#F3){ref-type="fig"}). The closeness of plant tissues appears to impact the composition of the fungal community, i.e., the endophytic community composition between roots, stems, and leaves was more similar ([Figures 3A,C](#F3){ref-type="fig"}), and the number of identical fungi between stems and roots was higher than that between leaves and roots ([Figures 3B,D](#F3){ref-type="fig"}). In addition, Shannon diversity ([Figures 4A,B](#F4){ref-type="fig"}) and average abundance ([Figure 4C](#F4){ref-type="fig"}) showed variation among different tissues, among which mature leaves had the highest levels, while the withered leaves had the lowest levels.

![Tissue specificity of cultivable fungal communities in *A. adenophora*. Non-metric multidimensional scaling (NMDS) analysis shows the similarity among cultivable fungal communities (points) \[**A** (unique), stress = 0.083; **C** (97%), stress = 0.112\], and the Venn diagram shows the amount of the same or different OTUs among plant tissues \[**B** (unique), **D** (97%)\]. Percentages of total variation explained by the NMDS axes are given in parentheses.](fmicb-10-02919-g003){#F3}

![Variation in Shannon diversity index values at unique **(A)** and 97% sequence identity levels **(B)** and average abundance **(C)** in cultivable fungal communities among different tissues of *A. adenophora*. The Kolmogorov--Smirnov normality test was satisfied. Dunnett's T3 test was used for multiple comparisons. Different lowercase letters indicate significant differences (*p* \< 0.05). Error bars depict the standard errors.](fmicb-10-02919-g004){#F4}

Geographical Variation in Cultivable Fungal Communities {#S3.SS3}
-------------------------------------------------------

Cultivable fungal communities in plant tissues varied among geographic sites ([Figures 5](#F5){ref-type="fig"}, [6](#F6){ref-type="fig"}) at either the unique or 97% sequence identity level. The six sampling sites could be divided into three groups of low (including XM, SM, NE, and CY, latitude from 22.63 to 23.22), middle (KM, latitude 24.54), and high (YL, latitude 25.88) latitudes. RDA showed that the latitude was an important factor for explaining the differences in composition in cultivable fungal communities among roots ([Figure 5A](#F5){ref-type="fig"}: *F* = 1.7; *p* = 0.006; 9.8% EV, 4.1% AEV; [Figure 5E](#F5){ref-type="fig"}: *F* = 2.9; *p* = 0.002; 15.4% EV, 10.1% AEV), leaves ([Figure 5C](#F5){ref-type="fig"}: *F* = 3.0; *p* = 0.002; 16.0% EV, 10.7% AEV; [Figure 5G](#F5){ref-type="fig"}: *F* = 3.6; *p* = 0.002; 18.3% EV, 13.2% AEV), and withered leaves ([Figure 5D](#F5){ref-type="fig"}: *F* = 1.7; *p* = 0.044; 9.5% EV, 3.9% AEV; [Figure 5H](#F5){ref-type="fig"}: *F* = 2.8; *p* = 0.006; 14.7% EV, 9.4% AEV) but not among stems ([Figure 5B](#F5){ref-type="fig"}: *F* = 1.3; *p* = 0.118; 7.5% EV, 1.7% AEV; [Figure 5F](#F5){ref-type="fig"}: *F* = 1.4; *p* = 0.172; 8.2% EV, 2.5% AEV).

![Geographical variation in cultivable fungal communities in roots \[**A** (unique), **E** (97%)\], stems \[**B** (unique), **F** (97%)\], leaves \[**C** (unique), **G** (97%)\], and withered leaves \[**D** (unique), **H** (97%)\] of *A. adenophora*. Principal co-ordinate analysis (PCoA) depicts the similarity among cultivable endophytic fungal communities (points). Percentages of total variation explained by the PCoA axes are given in parentheses.](fmicb-10-02919-g005){#F5}

![Geographical variation in Shannon diversity index values and average abundance of cultivable fungal communities in different tissues (**A**, roots; **B**, stems; **C**, leaves; **D**, withered leaves) of *A. adenophora*. The Kolmogorov--Smirnov normality test was satisfied. Dunnett's T3 test was used to compare the geographical variation in the average fungal abundance of the withered leaves, and Duncan's test was used for all other multiple comparisons. Different lowercase letters indicate significant differences (*p* \< 0.05). Error bars depict the standard errors.](fmicb-10-02919-g006){#F6}

Similar to the community composition, except for the cultivable endophytic fungi of the stems ([Figure 6B](#F6){ref-type="fig"}), the Shannon diversity index and average abundance in the other three plant tissues were significantly different among the sampling sites ([Figures 6A,C,D](#F6){ref-type="fig"}), but the same linear relationship with latitude was not observed ([Figure 7](#F7){ref-type="fig"}). For example, the latitude positively correlated with the diversity of the leaf fungi ([Figure 7C](#F7){ref-type="fig"}) but negatively correlated with the diversity of the withered leaf fungi ([Figure 7D](#F7){ref-type="fig"}) and with the abundance of the leaf fungi ([Figure 7C](#F7){ref-type="fig"}).

![Linear regression of latitudes with Shannon diversity index values and average abundance of cultivable fungi in *A. adenophora* different tissues (**A**, roots; **B**, stems; **C**, leaves; **D**, withered leaves).](fmicb-10-02919-g007){#F7}

Association of Cultivable Fungal Communities With the Surrounding Environments {#S3.SS4}
------------------------------------------------------------------------------

The cultivable fungal community composition was significantly different between air and soil at both unique ([Figure 8A](#F8){ref-type="fig"}, *F* = 4.1; *p* = 0.002; 5.7% EV, 4.3% AEV) and 97% ([Figure 8C](#F8){ref-type="fig"}, *F* = 7.4; *p* = 0.002; 9.6% EV, 8.3% AEV) sequence identity levels, with a few shared strains in both environments ([Figures 8B,D](#F8){ref-type="fig"}). However, *A. adenophora* invasion only marginally changed the composition ([Figures 8A,C](#F8){ref-type="fig"}), Shannon diversity index ([Figures 9A,B](#F9){ref-type="fig"}), and average abundance ([Figure 9C](#F9){ref-type="fig"}) of cultivable fungal communities, either in canopy air or rhizosphere soils. RDA showed that the cultivable fungal community was only significantly different between the rhizosphere and the ambient soils at 97% sequence identity (*F* = 1.7; *p* = 0.034; 4.7% EV, 1.8% AEV), while other cases were not significantly different \[air (unique): *F* = 1.1; *p* = 0.282; 3.0% EV, 0.2% AEV; air (97%): *F* = 0.9; *p* = 0.612; 2.5% EV, 0.0% AEV; soil (unique): *F* = 1.4; *p* = 0.07; 4.1% EV, 1.1% AEV\]. Nonetheless, *A. adenophora* caused certain fungal fluctuations in surrounding environments at the genus level ([Figures 9D,E](#F9){ref-type="fig"}); for example, *Cladosporium*, *Trichoderma*, *Allophoma*, and *Gibberella* were much more abundant in canopy than in ambient air ([Figure 9D](#F9){ref-type="fig"}), and *Trichoderma* and *Mortierella* were three and six times higher in rhizosphere soil than in ambient soil ([Figure 9E](#F9){ref-type="fig"}).

![Effects of *A. adenophora* invasion on the cultivable fungal communities in air and soil. Non-metric multidimensional scaling (NMDS) analysis shows the similarity among cultivable fungal communities (points) \[**A** (unique), stress = 0.052; **C** (97%), stress = 0.102\], and the Venn diagram shows the amount of the same or different OTUs among environment samples \[**B** (unique), **D** (97%)\]. There were two outlier samples \[NE--RS--NS and NE--AS--MEA; NE represents the sampling site, RS (rhizosphere soil) and AS (ambient soil) represent the source, and NS and MEA represent the culture medium. See [Supplementary Table S2](#TS2){ref-type="supplementary-material"} for details\]. at the unique sequence identity level **(A)**. To better visualize the primary data, the NMDS analysis shown in panel **A** does not take these two outliers into account. Percentages of total variation explained by the NMDS axes are given in parentheses.](fmicb-10-02919-g008){#F8}

![Effects of *A. adenophora* on Shannon diversity index values \[**A** (unique), **B** (97%)\], community average abundance **(C)**, and total abundance of dominant cultivable fungal genera **(D,E)** in air and soil. Non-parametric Mann--Whitney *U*-test was used for the test of two independent samples (canopy air vs. ambient air, rhizosphere soil vs. ambient soil), and n.s. indicates no significant difference (*p* \> 0.05). Error bars depict the standard errors.](fmicb-10-02919-g009){#F9}

The cultivable fungi in aboveground tissues (stems, leaves, and whithered leaves) were closely related to those in contiguous environments, especially at 97% sequence identity ([Figure 10](#F10){ref-type="fig"} and [Supplementary Figure S3](#FS3){ref-type="supplementary-material"}). For example, foliar endophytic fungi shared 14.60% OTUs with canopy air but only 1.01% with rhizosphere soils at a unique level ([Figure 10C](#F10){ref-type="fig"}), and these two percentages increased to 41.86 and 15.66%, respectively, at 97% sequence identity ([Figure 10G](#F10){ref-type="fig"}). Similarly, the withered leaves shared 9.93% of cultivable fungi with canopy air but no sharing occurred with rhizosphere soil fungi at the unique identity level ([Figure 10D](#F10){ref-type="fig"}). Interestingly, both roots and stems shared larger proportion of fungi with canopy air than with rhizosphere soils ([Figures 10A,B,E,F](#F10){ref-type="fig"}). In total, the proportion of shared fungi was larger when comparing plant tissues than when comparing plant tissue with environments, and when comparing plant tissues with canopy air than comparing plant tissues with soils ([Supplementary Figure S3](#FS3){ref-type="supplementary-material"}). A few fungi in the aboveground tissues, which were not isolated from the contagious canopy air, were shared with soils ([Figure 10](#F10){ref-type="fig"} and [Supplementary Figure S3](#FS3){ref-type="supplementary-material"}).

![Relative abundance of the cultivable fungi among plant tissues, canopy air, and rhizosphere soil. Panels **A** (unique) and **E** (97%) represent roots, panels **B** (unique) and **F** (97%) represent stems, panels **C** (unique) and **G** (97%) represent leaves, and panels **D** (unique) and **H** (97%) represent withered leaves. The overlapping parts of solid circles or ellipses with different colors represent the same OTUs, and the percentage is the relative abundance. The different colored parts of the ring diagrams show the abundance of cultivable endophytic fungi, rhizosphere fungi, and canopy air fungi, respectively.](fmicb-10-02919-g010){#F10}

Discussion {#S4}
==========

The horizontally transmitted endophytic fungi usually differ among plant species in a certain habitat ([@B10]) and vary among different tissues within an individual plant ([@B63]). In this study, the cultivable endophytic fungal community of *A. adenophora* showed obvious tissue specificity ([Figures 3](#F3){ref-type="fig"}, [4](#F4){ref-type="fig"}), consistent with most previous results ([@B63]; [@B68]; [@B15]). However, our study further detailed that the cultivable endophytic fungi, as well as the withered leaf cultivable fungi, changed with the geographic expansion of *A. adenophora* and showed a certain degree of variation in different tissues ([Figures 5](#F5){ref-type="fig"}, [6](#F6){ref-type="fig"}). Relative to the roots and stems, the mature and withered leaves showed more significant fluctuations of the cultivable fungi with geographic latitude ([Figure 7](#F7){ref-type="fig"}). In a given tissue, the change pattern was also different for the investigated fungal parameter. For example, the fungal diversity was positively correlated but the abundance was negatively correlated with latitude ([Figure 7C](#F7){ref-type="fig"}). These change patterns may be related to the selectivity of functional requirements in the assembly of endophytic fungi in plant tissues ([@B56]) under different geographic backgrounds ([@B30]; [@B42]; [@B69]). In general, fungal endophyte communities vary across latitudinal gradients ([@B2]). The endophytic fungi of exotic plants, even with vertical transmission, also change with the expansion of exotic plants to high latitudes ([@B15]). It is very complex to decipher the factors influencing the fungal change pattern along with the northward invasion of *A. adenophora*; however, more fluctuations were observed in fungi inhabiting leaf tissues than those inhabiting roots and stems ([Figure 7](#F7){ref-type="fig"}), suggesting that leaves may face strong fluctuations in environmental temperature stress during *A. adenophora* expansion ([Figure 1](#F1){ref-type="fig"}). Similarly, [@B22] also indicated that leaf fungi varied more strongly with altitude or warming than root fungi, suggesting that leaf symbioses may be particularly susceptible to disruption under climate change, perhaps because they are less buffered against air temperatures than belowground fungi.

[@B26] and [@B42] described fungal endophyte species as a mosaic of infections in a leaf, implying that plant infection with endophytes was limited by the random dynamics of microbial resources in the environment as well as the selective effects of plant species or plant tissues. Because [@B68] demonstrated that there was very little evidence for any systematic growth of foliar fungal endophytes within an individual plant, and the main driving process behind the assembly of foliar fungal endophytes was random. We found that the cultivable fungi in plant tissues were shared with those from both canopy air and rhizosphere soil, representing the important role of random environmental dynamics in the composition of cultivable fungal communities in *A. adenophora*. This role was also supported by the greater number of fluctuations in fungi inhabiting leaf tissues than in those inhabiting roots and stems ([Figure 7](#F7){ref-type="fig"}). Moreover, there was a higher percentage of shared fungi in aboveground tissues and canopy air than in roots and rhizosphere soils ([Figure 10](#F10){ref-type="fig"} and [Supplementary Figure S3](#FS3){ref-type="supplementary-material"}), indicating that the environmental inoculation sources played a more important role in the fungal assembly of aboveground parts than in that of the belowground parts. Interestingly, even the assemblage of fungal communities in plant tissues may be a compromise driven by both functional requirements for plant growth ([@B56]) and local environmental conditions, e.g., the temperature ([@B6]); the former may weight out the latter because we found that the fungal similarity within tissues was much higher than that between tissues on a relatively large geographical scale ([Figure 3](#F3){ref-type="fig"}).

Within a host, some studies have demonstrated endophytic bacterial migration through tissues ([@B7]; [@B54]). For example, [@B29] demonstrated that *Agrobacterium tumefaciens* was recovered from both roots and crowns 3 months after inoculation of rose plant stems. There has been no report about horizontally transmitted fungal endophyte migration in exotic plants. We found a large number of shared fungi between rhizosphere soil, plant tissue, and canopy air ([Figure 10](#F10){ref-type="fig"} and [Supplementary Figure S3](#FS3){ref-type="supplementary-material"}); the cultivable fungal community composition was related to the tissue connection; that is, both the similarity and the number of the shared fungi between roots and stems were higher than those between roots and leaves ([Figure 3](#F3){ref-type="fig"} and [Supplementary Figure S3](#FS3){ref-type="supplementary-material"}). Again, the portion of shared root endophytic fungi was explained not only by those from the rhizosphere soil but also by a high proportion of those from air fungi ([Figures 10A,E](#F10){ref-type="fig"} and [Supplementary Figure S3](#FS3){ref-type="supplementary-material"}). We also isolated a small proportion of soil fungi in the mature leaves ([Figures 10C,G](#F10){ref-type="fig"} and [Supplementary Figure S3](#FS3){ref-type="supplementary-material"}). These facts indirectly indicated that some endophytic fungi of *A. adenophora* might undergo tissue-to-tissue migration and that the stem could be a transport tissue for fungal travel from the air to leaves and then to the roots or *vice versa.* These findings thus introduce an interesting topic, i.e., the study of the transport of fungi in stems for understanding the interaction of endophytic fungi with the host as well as the surrounding environment including the soil and canopy air.

Multiple studies have shown significant impacts of invasive plant populations on soil microbial communities ([@B65]; [@B25]; [@B28]); however, such an effect on airborne microbes has received no attention. In fact, plants contribute microbes to the air around them ([@B27]). In this study, there was no significant effect of *A. adenophora* on fungi at the community level, both in rhizosphere soil and canopy air ([Figures 8A,C](#F8){ref-type="fig"}, [9A--C](#F9){ref-type="fig"}); however, *A. adenophora* changed the dominant genera ([Supplementary Table S3](#TS3){ref-type="supplementary-material"}) and the total abundance of certain strains ([Figures 9D,E](#F9){ref-type="fig"}). The data indicated that certain fungal taxa, e.g., *Cladosporium*, *Trichoderma*, *Allophoma*, and *Gibberella*, may have been released into the air from the leaf surface by *A. adenophora*. In recent years, studies on the interaction between the phyllosphere microbiome and plants have emphasized the importance of microbes inhabiting aboveground tissues in ecology ([@B40]; [@B8]; [@B46]; [@B64]). Therefore, it is both important and interesting to explore the potential ecological effects of certain fungi released into the air by *A. adenophora*, e.g., these fungi, if they are local pathogens, may increase the risk of disease infection in neighboring plants (also see the section "Discussion").

Currently, the interactions between endophytic fungi and their hosts have been considered diverse, and evaluating their ecological consequences is complex ([@B37]). Interestingly, it has been recently reported that many fungi, such as *Colletotrichum*, *Fusarium*, and *Verticillium*, can not only inhabit some plant species as endophytes but also have pathogenic effects on other plant species ([@B1]). For example, *Colletotrichum magna*, a pathogen of Cucurbitaceae plants, often exists in other non-Cucurbitaceae plants as an endophyte ([@B24]). Many crop pathogens also frequently lurk in other weeds in an endogenous form ([@B39]). Previously, fungal endophytes, as latent local pathogens, were isolated from the invasive plants *P. hysterophorus* ([@B43]) and *P. australis* ([@B12]). The possible enrichment of endophytic fungi that may act as local pathogens by invasive plants can undoubtedly serve as a weapon to indirectly promote plant invasion. The most abundant endophytic fungi isolated from *A. adenophora* were *Colletotrichum* ([Supplementary Table S1](#TS1){ref-type="supplementary-material"}), many of which have been reported as generalist pathogens ([@B38]), accounting for \>50% of the foliar endophytic fungi. Therefore, it is worth evaluating whether the direct and indirect effects of the spillback of accumulated fungi on neighboring plants finally become a competitive advantage for *A. adenophora*. In addition, compared with the fungi in ambient air and soil, more abundant *Trichoderma* were isolated in the rhizosphere soil and canopy air of *A. adenophora* ([Supplementary Table S3](#TS3){ref-type="supplementary-material"} and [Figures 9D,E](#F9){ref-type="fig"}). Since at least the 1920s, *Trichoderma* species have been known for their ability to act as biocontrol agents against plant pathogens ([@B18]). It also remains to be explored whether the resistance of these *Trichoderma* to pathogens indirectly improves the competitiveness of *A. adenophora*.

Methodologically, because inherent biases are unavoidable for both the culture-dependent and culture-independent methods of investigating fungal diversity ([@B8]), we selected culture methods primarily to be able to use these cultivable fungi to test their ecological functions in *A. adenophora* invasion in later experiments. Actually, our small-scale investigation of *A. adenophora* fungi not only revealed that the fungal communities were indeed different between the culture-dependent and culture-independent methods but also that there was a significant tissue specificity ([@B70]). Therefore, it is still necessary to combine these two methods for deciphering fungal distribution and interaction inside and outside of *A. adenophora.* In addition, OTU classification has been widely used in fungal community studies based on the ITS sequence similarity at 100 ([@B15]), 99 ([@B47]), and 97% ([@B8]), and this usually results in distinct fungal diversity estimates as well as ecological hypotheses that arise from such observations ([@B14]). Similarly, in this study, 100% sequence identity only showed an above- and belowground differentiation in fungal community composition ([Figure 3A](#F3){ref-type="fig"}), while use of the 97% sequence identity showed the complete differentiation among roots, stems, leaves, and withered leaves ([Figure 3C](#F3){ref-type="fig"}). Although the comparison of the two OTU classification criteria also showed a slight impact for the Shannon diversity index values ([Figures 4](#F4){ref-type="fig"}, [6](#F6){ref-type="fig"}), the primary conclusions of this study were not affected.

Conclusion {#S5}
==========

In conclusion, we found that the invasive plant *A. adenophora* enriched the cultivable endophytic fungi, which showed a significant tissue specificity, and demonstrated that the fungi rarely occurred systemic growth. Our study further revealed that the cultivable endophytic fungi of *A. adenophora* changed across geographic areas but showed a certain degree of variation in different tissues. Relatively, the cultivable fungi in mature and withered leaves showed more fluctuations than those in roots and stems. We also found that some cultivable endophytic fungi of *A. adenophora* might undergo tissue-to-tissue migration, and the stem could be a transport tissue by which airborne fungi infect roots or *vice versa*. Finally, we found that the composition of the cultivable fungal community was related to the contiguous environment, which reflects a frequent interaction between fungi associated with *A. adenophora* and those in surrounding environments.
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